Abstract. We have observed multi-frequency resonances in a system with a spin 3/2 irradiated simultaneously by a multiple-pulse radiofrequency sequence and a low frequency field swept in the range 0 Ä 80 kHz. The theoretical description of the effect is presented using both the rotating frame approximation and the Floquet theory. Both approaches give indentical results at the calculation of the resonance frequencies, transition probabilities and shifts of resonance frequency. The calculated magnetization vs. the frequency of the low-frequency field agrees with the obtained experimental data.
Introduction
One of the most effective and promising high-resolution nuclear magnetic resonance (NMR) and nuclear quadrupole resonance (NQR) techniques for the study of solids is a multiple-pulse radiofrequency (RF) action [1, 2] . The multiple-pulse methods allow one to remove dipolar broadening from a resonance line in solids thus increasing by several orders the sensitivity of the NMR and NQR spectroscopy in the study of weak interaction. These methods are very effective in the study of the spin lattice relaxation processes due to a slow atomic motion. Usually the theoretical description of multiple-pulse experiments both in NMR [3] and NQR [4] is based on the construction of the effective timeindependent Hamiltonian by using the conditions for periodicity and cyclicity of the pulsed action. Then the dynamics of a spin system subjected by pulsed RF fields is presented in an equivalent form as the motion of nuclear spins in a constant effective field H e [5] . The magnitude and direction of this effective field are determined by parameters of the multiple-pulse sequence. An experimental measurement of the value of the effective field is important for the confirmation of this theoretical model.
It is reasonable to suggest that an additional field with an angular frequency close to ! e = H e should cause resonance absorption of energy ( is the gyromagnetic ratio of nuclei). SpinYecho signals observed between RF pulse se-quence would allow us to determine H e as well as to obtain the information on slow atomic motion that is not available from the traditional methods.
With this in mind, we have studied experimentally resonance transitions in the nuclear spin system subjected by a simultaneous action of a multiple-pulse RF sequence and an additional low frequency (LF) field with an angular frequency . The results of our experiments described in the next section have shown that resonance transitions were observed not only at the frequency close to 0 = ! e , but also at frequencies close to n given by the expression:
where t c is the period of the multiple-pulse RF sequence. Because the nuclear spin system possesses a set of the resonance frequencies, the relaxation measurements performed on one resonance frequency n can give the information on oscillations of atoms on all the frequencies from the spectrum determined by (1). It moves us to comprehensive experimental and theoretical study of this system.
The theoretical treatment of NMR phenomena is usually based on three approaches: i) a semi-classical mathematical approach [14] ; ii) a second quantization method [15] ; and iii) the Floquet theory [17] .
The semi-classical mathematical approach [14] , where the field is considered as a classical system and the atomic system as a quantum one, has allowed one to explain of series of experimentally observed phenomena. This approach is quite natural if to take into account, that the average number of photons in a mode of the periodic field is extremely great. The main method used in the framework of the semi-classical approach is the so-called Brotating frame approximation^, keeping exactly just the terms that are resonant. The remaining non-resonant terms are considered as a perturbation.
Intrinsic inconsistency of the semi-classical approach is obviated in the framework of the secondary quantization method [15, 16] . Treating the RF field as photons, the evolution of the united system Batom + field^(so-called Bdressed^atom) is described by the Hamiltonian which is independent of time, and its investigation turns out simpler than solving the Schrödinger equation with the time-dependent Hamiltonian. With the time-independent Hamiltonian, one can define energy levels of the physical system. Each of these levels corresponds to a stationary state of the system: atom dressed by photons. The dependence of
